Document made available under the 
Patent Cooperation Treaty (PCT) 



International application number: PCT/NL04/000897 
International filing date: 22 December 2004 (22.12.2004) 

Document type: Certified copy of priority document 

Document details: Country/Office: EP 

Number: 04077286.5 

Filing date: 13 August 2004 (13.08.2004) 

Date of receipt at the International Bureau: 27 May 2005 (27.05.2005) 

Remark: Priority document submitted or transmitted to the International Bureau in 

compliance with Rule 17.1(a) or (b) 




World Intellectual Property Organization (WIPO) - Geneva, Switzerland 
Organisation Mondiale de la Propriete Intellectuelle (OMPI) - Geneve, Suisse 




Europaisches 
Patentamt 



PCT/NL 2004 / 0 0 0 8 9 7 



European 
Patent Office 



Office europeen 
des brevets 



i a 05 



Bescheinigung Certificate 



Attestation 



Die angehefteten Unterla- 
gen stimmen mit der 
ursprunglich eingereichten 
Fassung der auf dem nach- 
sten Blatt bezeichneten 
europaischen Patentanmel- 
dung uberein. 



The attached documents 
are exact copies of the 
European patent application 
described on the following 
page, as originally filed. 



Les documents fixes a 
cette attestation sont 
conformes a la version 
initialement deposee de 
la demande de brevet 
europeen specifiee a la 
page suivante. 



Patentanmeldung Nr. Patent application No. Demande de brevet n° 



04077286.5 



Der President des Europaischen Patentamts; 
Im Auftrag 

For the President of the European Patent Office 

Le President de 1'Office europeen des brevets 
p.o. 




R C van Dijk 



EPA/EPO/OEB Form 1014.1 - 02.2000 7001014 




Europaisches 
Patentamt 



European 
Patent Office 



Office europeen 
des brevets 



Anmeldung Nr: 
Appl i cation no. : 
Demande no: 



04077286.5 



Anmel detag: 
Date of filing: 
Date de d£pot: 



13.08.04 



Anmel der/Appl icant( s)/Demandeur( s) : 

Fuji Photo Film B.V. 
Oudenstaart 1 
5047 TK Tilburg 
PAYS-BAS 

Bezeichnung der Erf 1 ndung/Tl tl e of the 1 nventi on/Ti tre de l 1 invention: 
(Falls die Bezeichnung der Erflndung nlcht angegeben ist, slehe Beschrei bung. 
If no title is shown please refer to the description. 
Si aucun titre n'est indique se referer a la description.) 

Method and arrangement for controlling a glow discharge plasma under atmospheric 
conditions 

In Anspruch genommene Prioriat(en) / Pri ori ty( ies) claimed /PrioritS(s) 
revendique"e(s) 

Staat/Tag/Aktenzeichen/State/Date/File no. /Pay s/Date/Numero de dSpot: 



Internationale Patentkl assi f i kation/Internati onal Patent Classification/ 
Classification i nternati onal e des brevets: 

H05H1/00 

Am Anmel detag benannte Vertragstaaten/Contracti ng states designated at date of 
filing/Etats contractants designees lors du depot: 

AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HU IE IT LU MC NL 
PL PT RO SE SI SK TR LI 



04077286.5 

EPA/EP0/0EB Form 1014.2 - 01.2000 7001014 



2 



1 

Title 
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Method and arrangement for controlling a glow discharge 

plasma under atmospheric conditions. 

Field of the Invention 

The present invention relates generally to a method and an 
arrangement for controlling a glow discharge plasma and, more 
specifically, to a method and an arrangement for controlling a glow 
discharge plasma in a gas or gas mixture under atmospheric conditions. 

Background of the Invention 

15 Atmospheric Pressure Glow (APG) discharge is used in 

practice, among others, for non-destructive material surface 
modification. Glow discharge plasmas are relatively low power density 
plasmas, typically generated under atmospheric pressure conditions or 
partial vacuum environments. 

20 Most commonly, the plasma is generated in a plasma chamber 

or plasma discharge space between two oppositely arranged parallel plate 
electrodes. However, the plasma may also be generated using other 
electrode configurations such as, for example, adjacently arranged 
electrodes. The plasma is generated in a gas or a gas mixture by 
25 energizing the electrodes from AC power supply means. 

It has been observed that a stable and uniform plasma can 
be generated in, for example, a pure Helium or a pure Nitrogen gas. 
However, as soon as impurities or other gasses or chemical compositions 
at ppm level are present in the gas, the stability of the plasma will 
decrease significantly. Typical examples of stability destroying 
components are 0 2 , NO, C0 2i etc.. 



30 
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Instabilities in the plasma will either develop in a high 
current density plasma or will extinguish the plasma locally. With a 
large density of species and a high frequency of collisions in the 
plasma, an APG shows a fast positive feedback. That is, a random local 
increase of the ionization of the plasma will exponentially increase . 
Accordingly, an instability will develop either in a high current density 
plasma or will extinguish locally the plasma. This phenomenon of 
exponential increase of the plasma current is known as glow to arc 
transition. As a result, current arcing occurs and the glow discharge 
plasma can not be maintained. Instead, a combination of filamentary and 
glow discharge is generated. 

Filamentary discharge between parallel plate electrodes in 
air under atmospheric pressure has been used to generate ozone in large 
quantities. However, filamentary discharge is of limited use for surface 
treatment of materials, since the plasma filaments tend to puncture or 
treat the surface unevenly and are associated with relatively high plasma 

current densities. 

Although Instabilities may occur at any time during 
generation of a plasma* it has been observed that the circumstances at 
the end of a plasma pulse (e.g. generated using an AC voltage) are 
beneficial to the occurrence and development of instabilities. At the end 
of the plasma pulse* the plasma current is relatively low while the 
voltage applied by the AC power supply increases due to the fact that the 
AC power supply tends to recover from the main plasma pulse. The life 
cycle of the plasma is approaching cut off in this stage of the plasma 
and the plasma current will decrease sharply, after which small 
instabilities and plasma variations may occur. Under the influence of the 
increasing voltage resulting from the recovering AC power supply, these 
instabilities and plasma variations may easily develop in major plasma 
instabilities, such as streamer formation and glow to arc transition. 
These circumstances, relatively low and decreasing plasma current 



together 
suppress 
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with Increasing voltage, make it 
or eliminate the instabilities. 



at the same time 



difficult to 



Summary of the Invention 

5 

The present invention has for its object to provide a 
method and an arrangement for controlling a glow discharge plasma for 
preventing and eliminating Instabilities of the plasma at the end of a 
plasma pulse. 

10 These and other objects of the present invention are 

achieved by the present invention, in a first aspect thereof* in that 
there is provided a method for controlling a glow discharge plasma in a 
gas or gas mixture under atmospheric conditions, in a plasma discharge 
space comprising at least two spaced electrodes, wherein at least one 

15 plasma pulse is generated by applying an AC plasma energizing voltage to 
the electrodes causing a plasma current and a displacement current, the 
at least one plasma pulse comprises an absolute pulse maximum, 
characterized in that the method comprises the step of controlling the 
energizing voltage such that a relative decrease of the displacement 

20 current is provided after the pulse maximum. 

It has been observed to be of great importance to be able 
to control the plasma at the end of the plasma pulse, i.e. after the 
pulse maximum, since the plasma is particular unstable at that time* 
According to the invention, the plasma can be effectively controlled and 

25 instabilities in the plasma can be efficiently suppressed and eliminated 
at this stage of its existence, by providing a negative displacement 
current* 

Plasma instabilities may either give rise to local 
extinguishing of the plasma, causing a relative decrease of the plasma 
30 current which is not in proportion to the regular relative decrease of 
the plasma current of the main pulse* or to filament formation! 
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streamers; giving rise to (local) sharp increases of the plasma current* 

Since filament formation is often the most damaging 
phenomenon in, for example* surface treatment methods such as chemical 
vapour deposition and treatment of polymer films for photo film industry, 

5 the effective suppression of filament formation by the present Invention 
improves the quality and applicability of the method greatly. 

As we are dealing with an alternating energizing voltage, 
the sign of the amplitude thereof, and also of the displacement current* 
will change from positive to negative and back. In the case of the 

10 positive half cycle or period of the energizing voltage, a decrease of 
the displacement current will reduce the probability of filament 
formation. Consequently one can prevent the generation of the filaments 
at the end of the plasma pulse by decreasing the displacement current at 
this stage of the plasma pulse* i.e. after the pulse maximum, in 

15 accordance with the present invention* 

In the case of the negative half cycle of the energizing 
voltage a similar explanation, but with opposite signs as mentioned 
above, is valid* 

Unless it is mentioned otherwise below, the description of 

20 the processes and/or measures to stabilize the glow plasma in accordance 
with the invention is mainly provided for the positive half cycle of the 
displacement current. An Identical description for the negative half 
cycle of the displacement current can be equally provided by changing the 
signs to the opposite* 

25 According to an embodiment of the present invention, the 

method further comprises a step of synchronizing the relative decrease of 
the displacement current and the plasma pulse after the pulse maximum. 

If the relative decrease of the displacement current is 
provided too early, the main plasma pulse may be extinguished while it 

30 may still be productive in» for example* a surface treatment process « If, 
on the other hand, the relative decrease of the displacement current is 



5 

provided too late, plasma instabilities still have an opportunity to be 
created* Timing is therefore to some extend Important, and by 
synchronising the relative decrease of the displacement current 1n 
accordance with this embodiment of the invention, the quality and 

5 efficiency of the method can be effectively improved. 

An example of the above may Include synchronizing of the 
relative decrease with the occurrence of plasma variations, such as 
providing the decrease of the displacement current in response to one or 
more relative increases of the plasma current. 

10 According to another embodiment of the present invention, 

the displacement current is controlled by controlling the plasma 
energizing voltage. Manipulation of the energizing voltage, in 
combination with suitable electronic circuitry, will enable manipulation 
of the displacement current. In particular, and in accordance with 

15 another embodiment of the invention, the relative decrease of the 
displacement current is provided by a relative decrease of the plasma 
energizing voltage. 

According to yet another embodiment of the present 
invention, the energizing voltage is shaped, such that the displacement 

20 current substantially comprises a triangular waveform. In this case, the 
AC voltage may be shaped such that the displacement current shows a 
relative decrease during the whole of the period of the plasma 
occurrence p from before the plasma pulse starts, at the start of the 
plasma pulse, after the pulse maximum, and until the plasma is fully 

25 extinguished. It has been observed that the stability of the plasma is 
enhanced by steepening the slope of the displacement current, i.e. 
dta/dt. Preferably, the slope of the displacement current is shaped such 
that it is maximised from before plasma breakdown until after the plasma 
pulse is extinguished, for providing an as optimum as possible plasma 

30 stability. 

According to another embodiment of the present invention, 
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the plasma energizing voltage is applied at the electrodes via at least 
one non-linear element. Non-linear behaviour of electronic elements may 
beneficially be used to perform the steps of the present invention, such 
as to provide the relative decrease of the displacement current and/or 
5 for controlling the energizing voltage. 

According to another embodiment of the present invention, 
the non-linear element comprises at least one choke coil. 

It will he appreciated that a choke coil can be used as a 
non-linear element. A choke coil can be easily installed in a number of 

10 configurations, and is relatively cheap and readily available. 

A possible use of a choke coll with the method of the 
present invention, and in accordance with an embodiment thereof, is the 
operation of the choke coil in a basically saturated state during the 
plasma pulse and after the pulse maximum. In particular, one may think of 

15 providing the relative decrease of the displacement current by operating 
the choke coil such that the inductance of the choke coil behaves non- 
linear with respect to the plasma current* 

It will be appreciated that the inductance of a saturated 
choke coil is much smaller than the inductance of an unsaturated choke. 

20 coil. In its saturated state* a choke coil mainly operates as a 
resistance, whilst in an unsaturated state the choke coll behaves as a 
regular inductance, counteracting its change of flux. Near the saturation 
point, where the current through the coll is substantially equal to the 
saturation current! the inductance rapidly drops with increasing current 

25 through the coil, and the inductance shows a strong non-linear dependency 
on the current. 

Assume a choke coil, connected in series with a pair of 
plasma electrodes fl is operated in a saturated state when the plasma is 
generated using an AC voltage. Considering a positive half cycle of the 
30 AC voltage, directly after the plasma current has reached a maximum 
(pulse maximum) the plasma current will decrease again and as explained 
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hereinbefore, the AC voltage will tend to increase as the AC power supply 
recovers from the main plasma pulse. As the decreasing current approaches 
the saturation point Df the coil, near the saturation point the 
inductance of the coil will increase with decreasing current. As a 
5 result, the impedance of the coil will increase likewise with decreasing 
current and the voltage drop over the coil will increase. The increasing 
voltage drop is equivalent to a relative decrease of the displacement 
current. The choke coll seems to act as a negative resistance (increasing 
voltage drop over the APG electrode with decreasing current). As a result 

10 of the relative decrease of the displacement current, filament formation 
may effectively be suppressed in this phase of the plasma pulse* 

in order to obtain a resonant circuit, besides the choke 
coil, an other inductor 1s arranged, for example* in series with the 
choke coil. This other inductor should have a higher inductance than the 

15 choke coil. In a resonant circuit, even after plasma ignition, the total 
current to the power supply will tend to remain in the same sine shape 
and value as without the plasma. 

Voltage variations over time can be represented by: 

20 C dV/dt « - I plasraa + I 0 sin (wt + cp) (1) 

wherei n : 

* P w = P^sma current, 
I 0 sin (tot + (p) « unperturbed sine current, 
V - plasma energizing voltage, 
25 t * time, 

w = angular frequency of V 
cp - phase angle. 



Accordingly , if the plasma current is small at the end of 
the plasma pulse life cycle, in comparison to the unperturbed current I 0 , 
generation of a voltage drop for suppressing instabilities is almost 
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impossible. This is the area that is covered using the saturated choke 
coil. Non-linearity of the choke coil with respect to current variations 

is, however, essential* 

From the above* 1t will be appreciated that proper 

dimensioning of a choke coil also enables proper timing of the method of 

the present invention. The saturation properties of the choke coil may be 

controlled by changing the ferromagnetic properties and dimensions of the 

core. Timing of the method of the present invention may also be 

controlled by using e.g. phase shifting means, such as an impedance 

matching circuit, an inductance such as a choke coil, or other phase 

shifting means, in accordance with an embodiment of the invention. 

Given the saturation current of a choke coil, which is the 
threshold current for which the choke coil becomes saturated, in 
accordance with a preferred embodiment, the ratio between the 
displacement current I* and the saturation current I sflt is comprised 1n a 
range between 1,0 and 3*0 at least from just before the plasma breakdown 
until during the plasma pulse after the pulse maximum. In particular, the 
ratio between the displacement current and the saturation current is 
comprised in a range between l.Z and 1,6 in that time period. It has been 
observed that the choke coil can be properly dimensioned with its 
saturation current within the above-mentioned ranges. 

In accordance with a second aspect of the present 
invention, there 1s provided an arrangement for controlling a glow 
discharge plasma in a discharge space having at least two spaced 
electrodes, means for introducing in the discharge space a gas or gas 
mixture under atmospheric conditions, a power supply for energizing the 
electrodes by applying an AC plasma energizing voltage to the electrodes 
for generating at least one plasma pulse and causing a plasma current and 
a displacement current, the at least one plasma pulse comprising an 
absolute pulse maximum, and means for controlling the plasma, 
characterized in that, the means for controlling the plasma are arranged 



for controlling the energizing voltage such that a relative decrease of 
the displacement current is provided after the pulse maximum. 

In a further embodiment of the arrangement of the 
invention, means for synchronizing the relative decrease of the 
5 displacement current and the plasma pulse after the pulse maximum are 
provided. 

In a yet further embodiment of the arrangement of the 
invention, the means for controlling the plasma are arranged for 
controlling the displacement current by controlling the plasma energizing 
10 vol tage . 

In a still further embodiment of the arrangement of the 
invention, the means for controlling the plasma are arranged for 
providing the relative decrease of the displacement current by providing 
a relative decrease of the plasma energizing voltage. 
15 In accordance with the Invention, the means for controlling 

the plasma may be arranged for shaping the plasma energizing voltage, for 
example such that the displacement current substantially comprises a 
triangular waveform. 

In accordance with one of the embodiments of the present 
invention, the arrangement comprises at least one non-linear element, 
which at least one non-linear element is connected in series between the 
electrodes and AC power supply terminals. The non-linear element may, for 
example, comprise a choke coll. 

In a preferred embodiment of the arrangement according to 
25 the invention, the non-linear element comprises at least one phase shift 
circuit. The phase shift circuit 1s arranged for phase shifting the 
displacement current relative to the energizing voltage over an angle 
smaller than 90°. The phase shift circuit may comprise an impedance 
matching circuit. The phase shift circuit, in its simplest embodiment, 
30 may comprise an Inductance connected in series between the electrodes and 
the AC power supply terminals. 
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The gas or gaseous mixture used 1n accordance with an 
embodiment of the Invention may comprises at least one of a group 
comprising Helium, Argon, Nitrogen, Air, Oxygen, Carbon Dioxide, Ammonia 
and a mixture comprising any of these gasses of the group. It may, in 
accordance with yet another embodiment, also be a mixture of a noble gas 
and a chemically active gas, such as a precursor gas for chemical vapour 
deposition. 

The arrangement, in accordance with an embodiment of the 
invention, comprises AC power supply means arranged for energizing the 
electrodes with an energizing voltage at a frequency between 1 kHz and 50 
MHz. 

The apparatus and method according to the present invention 
can be used, in practise, for a wide variety of applications such as, but 
not limited to, a device for plasma surface treatment of a substrate, 
such as surface activation processes, which substrate can be glass, 
polymer, metal, etc., and for the generation of hydrophillc or 
hydrophobic surfaces; a plasma device for a chemical vapour deposition 
process; a plasma device for decomposition of gasses containing volatile 
organic compounds; a plasma device for removing toxical compounds from 
the gas phase; a plasma device for surface cleaning purposes such as in 
the sterilisation or dry cleaning processes. 

Those skilled in the art will appreciate that transparent 
conductive oxides (TCO), for example Tin Oxide, Indium Oxide, Indium Tin 
Oxide (ITO) coatings deposited by sputtering or atmospheric plasma 
chemical vapour deposition (APCVD), exhibit a lot of contaminations, such 
as hydrocarbons or hydroxyl groups, and defects. These contaminations, 
normally have to be removed by a wet cleaning step. However, it is found 
that cleaning of these contaminated TCO can be done very effectively 
using the APQ of this invention, as shown in the example below. 



11 

Eri.ef Description of the Drawing*: 



The above-mentioned and other features and advantages of 
the invention are Illustrated in the following description with reference 
to the enclosed drawings, wherein: 

4 • 

Figure 1 is a schematic illustration of an arrangement 
according to an embodiment of the present invention; 

Figure z is another schematic illustration of an 
arrangement according to an embodiment of the present invention; 

Figure 3 shows the AC energizing voltage, the plasma 
current and the displacement current of a plasma generated using an 
embodiment of the present invention; 

Figure 4A and Figure 4B are graphs showing the light 
intensity distribution over time for a plasma generated using a saturated 
15 coil, Figure 4A, 1n accordance with the present invention, and without 
using a saturated coil. Figure 4B. in accordance with the prior art. 
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Detailed D escription o f the Drawing 

Figure 1 is a schematic illustration of an arrangement 
according to an embodiment of the present invention, wherein an AC power 
supply 1 is connected to an electrode configuration 2 forming a discharge 
space for generating an Atmospheric Pressure Glow (APG) plasma. In series 
with the electrode configuration 2, there is connected a non-linear 
electric circuit element in the form of a choke coil 3. which is operated 
in a saturated state at least during a plasma pulse generated using the 
AC power supply 1 and in particular in the period of the life cycle of 
the plasma after Its pulse maximum, i.e. at or near the end of the pulse. 

In series with the choke coil 3. in accordance with an 
embodiment of the invention, a further inductor or matching coil 4 is 
installed which is operated in an unsaturated state. The matching coil 4 
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is primarily used as phase shifting means, and may be suitably 
dimensioned for this purpose. In one embodiment, a matching coil having 
an inductance of 0.7 mH was used together with a ferrite choke coil 3 
having an inductance between 0.1 and 0.2 mH. The ferrite used 1n this 
choke coil 1s a 354 ferrite (MnZn) with pr=1700, Hc=20 A/m, Br=170 A/m 

and Bsat^SO A/m. 

A capacitance 5 is parallel connected to the electrode 
configuration 2 for damping of harmonics. This capacitance S may be 
inherently formed by the stray capacitance of the electrode configuration 
2, for example. 

The effects of the choke coll 3 may be noted best if the 
saturation current of the choke coil 3 is at least smaller than the 
displacement current of the circuit of Figure 1 without a choke coil 3, 
which is equal to: 



wherein: 



voltage, 



T s 111 c V w 

L i, irilhoutchoke "* ** "ma* 

oj = fundamental angular frequency of the AC energizing 



c - capacity of the APG electrode configuration, and 

= amplitude of the AC energizing voltage. 
Preferably, the saturation current of the choke coil used 

is larger than 50% of the displacement current. 

Figure 2 shows another embodiment of the present Invention. 
Here, an AC power supply 10 is connected to an electrode configuration 
II. In series with the electrode configuration 11, there is connected a 
choke coil 12. The capacitor 15 is connected parallel to the electrode 
configuration 11 and a matching co11 16. A ground wire capacitor 14 is 
connected in series with the electrode configuration 11 and parallel to 
the choke coil 12. This ground wire capacitor 14 is arranged for boosting 
the voltage applied to the choke co11 12, such that choke coil 12 is 
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saturated more easily without affecting power source matching and 
operation of the circuit. A resistor 13 1s connected in series with the 
choke coil 12. in the embodiment of figure 2, the effects of saturation 
of the choke coil 12 on the potential of the bottom electrode (ground 
side) of the electrode configuration 11 is considerable. Saturation of 
the LC circuit consisting of the choke coil 12 and the ground wire 
capacitor 14 will generate large potential variations. 

Figure 3 shows a graph of the energizing voltage V, the 
plasma current I p and the displacement current I d over time t, in an 
embodiment of the method of the present invention with the arrangement 
shown in Figure 1. For illustrative purposes, only the positive first 
halve of the energizing voltage V is shown. A plasma was generated 
according to the invention under the following conditions: An LC series 
network at 240 kHz was used with a resonance or matching coil 4 having an 
inductance of 2 mH, an APG electrode capacitance 5 of 140 pF, a choke 
coll 3 having an inductance of 0.7 m, and with I,/I Sflt = 1.4. The gas used 
was Ar+Z0% air at atmospheric pressure. To prevent the risk of sparking 
and for matching reasons a pulsed plasma with a duty cycle of 10% was 
used » 



It can be seen that a plasma pulse 17 is generated having 
an absolute pulse maximum 18. After the pulse maximum 18, i.e. between 
time t of approximately 2 and 3 M s, the plasma current I p decreases, 
showing a negative slope 19. in accordance with the present invention, in 
relation to the decrease 19 of the plasma current i p4 a relative decrease 
25 20 of the displacement current l„ occurs, caused by the saturated choke 
3. As a result, the plasma current I p shows a relatively clean downward 
slope 21, without sharp peaks or spikes generated by plasma filaments, 
providing a stable glow plasma as intended. For illustrative purposes, 
the broken line 22 illustrates the plasma current I p in accordance with 
the prior art, i.e. without the teachings of the invention. One can 
observe a very irregular current waveform 22, causing unwanted streamers 
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and the like in the plasma. 

From Figure 3 it can be further seen that in the time 
period at least from oust before the plasma breakdown until during the 
plasma pulse 17 after the pulse maximum 18, the ratio between the 
displacement current I, and the saturation current I Mt of the choke coll 
3 is comprised in a range between l.Z and 1.6. With this ratio, the 
displacement current 1, has a substantially triangular shape, except for 
the regions where the plasma is generated, and shows a relative decrease 
during the whole of the period from before the start of the plasma pulse 
17, after the pulse maximum 18. until the plasma 1s fully extinguished. 
This triangular wave form is very beneficial for obtaining a stable 
plasma breakdown. In general, the stability of the plasma Is enhanced by 
steepening the slope of the displacement current, i.e. dl d /dt. 

From Figure 3 it can also be observed that at the 
generation of the plasma pulse 17, that is before the pulse maximum 18 
the displacement current l d at first drops considerably, i.e. between 
time t of approximately 1 and Z Ms, indicated by reference numeral 23. 
This drop 23 of the displacement current I d is caused by the 
(unsaturated) matching coil 4. Accordingly, in the arrangement of the 
invention, as illustratively shown in Figures 1 and Z, amongst others, by 
properly selecting the choke coil such that ratio between the 
displacement current I„ and the saturation current I wt of the choke coil 
3 is comprised in a range between 1.0 and 3, and preferably between 1.2 
and 1.6, in combination with an (unsaturated) matching coil, a sharp 
relative decrease of the displacement current I d at the generation of the 
plasma pulse 17 can be obtained, enhancing and sustaining the generation 

of a stable glow plasma. 

It has been observed that by increasing the ratio between 
the displacement current I, and the saturation current I sat of the choke 
coil 3 beyond 1.6, the voltage over the APG electrodes will show a more 
rectangular shaped waveform. 



15 
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From Figure 3 It will be clear that the relative decrease 
of the displacement current according to the invention and described 
above is provided in fractions of a microsecond. 

Those skilled in the art will appreciate that similar 
waveforms of opposite sign will occur at the negative halve period of the 
energizing voltage V. 

In figures 4A and 4B, the plasma generated using a method 
according to the present invention, i.e. Figure 4A, is compared to a 
plasma generated using a method of the prior art, I.e. Figure 4B, that is 
without generation of a relative decrease of displacement current at the 
end of the plasma pulse. In figure 4A. a combination of a saturated choke 
coil 3 and an unsaturated matching coll 4 1s used. The measured light 
intensity 27 coming from the plasma is plotted over time t, wherein time 
t is plotted on the horizontal axis 25. The magnitude of the intensity is 
plotted in arbitrary units on the vertical axis 26 on the right hand side 
of the graph. The axis 24 on the left side indicates the magnitude of the 
intensity fluctuation 28 as a percentage of the intensity. 

In Figure 4B, like Figure 4A. the measured light intensity 
31 is plotted and its magnitude is given on the right horizontal axis 33. 
Again, the intensity fluctuation 32 over time t on the horizontal axis 35 
is plotted and its magnitude is given by the left hand vertical axis 34. 
In both cases. Figure 4A and Figure 4B, the plasma was generated with an 
AC voltage of 60 kHz. 

By comparing both figures 4A and 4B, it is clear that by 
25 using a saturated coil in accordance with the invention, such as choke 
coils 3 and 12 of figures 1 and 2, respectively, plasma variations and 
instabilities can be effectively suppressed. 

Example (see Figure 1): 

A plasma was generated according to this invention using 
30 the following conditions: An LC series network at 240 kHz was used with a 
resonance or matching coil 4 having an inductance of 2 mH, an AP6 
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electrode capacitance 5 of 140 pF. a choke coll 3 having an Inductance of 
0.7 m, and with yi m * 1-4. The gas used was Ar+20% air at atmospheric 
pressure. To prevent the risk of sparking and for matching reasons a 
pulsed plasma with a duty cycle of 10% was used. The processing times 
used were 5 min to 30 min but due to pulsing the effective plasma 
exposure time was 0.5 to 3 min. For all the samples a forwarded power of 
315 W was delivered by the energizing generator 1. The power density was 

1 W/cm z . 

According to these plasma parameters, a foil sputtered with 

ITO was treated. 

In order to prevent contamination of the samples, mostly 

glass as a dielectric on the top electrode was used (a dielectric barrier 
system is used to prevent sparking). 

Sample 1: Processing time 16 mm. Plasma exposure time 1.6 
min. Sample placed on the ground electrode. The high voltage electrode 

was covered with glass. 

Sample 2; Processing time 5 min. Plasma exposure time 0.5 

min. Sample placed on ground electrode. The high voltage electrode was 

covered with glass. 

Sample 3: Processing time 10 min. Plasma exposure 1 min. 
Sample placed on ground electrode. The high voltage electrode was covered 
with glass. 

Sample 4: Processing time 30 min. Plasma exposure 3 min. 
Sample placed on ground electrode. The high voltage electrode was covered 
with glass. Due to poor contact of the 1T0 with the electrode, no plasma 
was ignited in the centre of the gap, thus in this area the treatment was 
very weak. 

The samples were evaluated judging SEM pictures. For each 
sample about 8 positions along the foil were examined. The reference 
(untreated) surface contains a high density of dark spots. The treated 
surfaces appeared to be completely white even for the shortest exposure 
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time (30 s). 

Those skilled in the art will appreciate that many 
modifications and additions can be made without departing from the novel 
and inventive scope of the invention as defined in the appending claims. 
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Claims 

1. Method for controlling a glow discharge plasma 1n a gas or 

gas mixture under atmospheric conditions, in a plasma discharge space 

5 comprising at least two spaced electrodes, wherein at least one plasma 
pulse is generated by applying an AC plasma energizing voltage to said 
electrodes causing a plasma current and a displacement current* said at 
least one plasma pulse comprising an absolute pulse maximum, 
characterized in that, said method comprises the step of controlling said 

10 energizing voltage such that a relative decrease of said displacement 
current is provided after said pulse maximum. 

Method according to claim 1» further comprising a step of 
synchronizing said relative decrease of said displacement current and 
said plasma pulse after said pulse maximum, 

15 3. Method according to any of the previous claims* wherein 

said displacement current is controlled by controlling said plasma 
energizing voltage. 

4. Method according to claim 3. wherein said relative decrease 
of said displacement current is provided by a relative decrease of said 

20 plasma energizing voltage* 

5. Method according to any of the claims 3 or 4, wherein said 
energizing voltage is shaped, such that said displacement current 
substantially comprises a triangular waveform* 

6. Method according to any of the claims 3, 4 or 5 S wherein 
25 said plasma energizing voltage 1s applied at said electrodes via at least 

one non-11 near element. 

7. Method according to claim 6, wherein said non-11 near 
element comprises at least one choke coil* 

8. Method according to claim 7, wherein said at least one 
30 choke coil is in a saturated state during said plasma pulse after said 

pulse maximum. 
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9* Method according to claim a F wherein said relative decrease 

of said displacement current Is provided by operating said choke coil 
such that the inductance of said choke coil behaves non-linear with 
respect to said plasma current. 
5 10, Method according to any of the claims ?. 8 or 9, wherein 

said choke coil comprises a saturation current for which said choke coil 
becomes saturated when an electric current through said choke coil 
exceeds said saturation current* and wherein the ratio between said 
displacement current and said saturation current is comprised in a range 
10 between 1,0 and 3.0 during said plasma pulse after said pulse maximum. 

11. Method according to claim 10 9 wherein the ratio between 

said displacement current and said saturation current is comprised in a 
range between 1.2 and 1.6 during said plasma pulse after said pulse 
maximum. 

15 1Z. Method according to any of the claims 6-11, wherein said 

non-linear element further comprises a phase shift circuit* 
13. Method according to claim 13 9 wherein said phase shift 

circuit is arranged for phase shifting said displacement current relative 
to said energizing voltage over an angle smaller than 90o. 

20 14. Use of a method according to any of the previous claims for 

performing chemical vapour deposition, surface cleaning, surface 
modification and the like. 

15. Use according to claim 1, wherein the surface for surface 

cleaning is the surface of a transparent conductive oxide layer applied 

25 onto a substrate* 

16* Use according to claim 15. wherein the transparent oxide 

layer is a Tin Oxide, an Indium Oxide or an Indium Tin Oxide. 
17. Arrangement for controlling a glow discharge plasma in a 

discharge space having at least two spaced electrodes, means for 

30 introducing in said discharge space a gas or gas mixture under 
atmospheric conditions, a power supply for energizing said electrodes by 
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applying an AC plasma energizing voltage to said electrodes for 
generating at least one plasma pulse and causing a plasma current and a 
displacement current, said at least one plasma pulse comprising an 
absolute pulse maximum, and means for controlling said plasma, 
5 characterized in that* said means for controlling said plasma are 
arranged for controlling said energizing voltage such that a relative 
decrease of said displacement current is provided after said pulse 
maximum* 

18, Arrangement according to claim 17, further comprising means 

10 for synchronizing said relative decrease of said displacement current and 
said plasma pulse after said pulse maximum, 

ig. Arrangement according to any of the claims 17-18, wherein 

said means for controlling said plasma are arranged for controlling said 
displacement current by controlling said plasma energizing voltage. 
15 20. Arrangement according to claim 19, wherein said means for 

controlling said plasma are arranged for providing said relative decrease 
of said displacement current by providing a relative decrease of said 
plasma energl2ing voltage. 

21. Arrangement according to any of the claims 19 or 20, 
ZO wherein said means for controlling said plasma are arranged for shaping 

said plasma energizing voltage* 

22. Arrangement according to claim 21, wherein said means for 
controlling said plasma are arranged for shaping said plasma energizing 
voltage such that said displacement current substantially comprises a 

25 triangular waveform. 

23. Arrangement according to any of the claims 20, 21 or 22, 
wherein said means for controlling said plasma comprises at least one 
non-linear element. 

24. Arrangement according to claim 23, wherein said at least 
30 one non-linear element comprises at least one choke coll. 
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25* Arrangement according to any of the claims 23 or 24 , 

wherein said at least one non-linear element is connected In series 
between said electrodes and AC power supply terminals, 

26. Arrangement according to any of the claims 23, 24 or 25, 
5 wherein said non-linear element comprises at least one phase shift 

circuit. 

27. Arrangement according to claim 25 > wherein said phase shift 
circuit comprises an impedance matching circuit. 

28. Arrangement according to claim 26, wherein said phase shift 
10 circuit comprises an inductance connected in series between said 

electrodes and AC power supply terminals* 

29. Arrangement according to any of the claims 17-28* wherein 
said gas or gaseous mixture comprises at least one of a group comprising 
Helium, Argon, Nitrogen, Air, Oxygen, Carbon Dioxide, Ammonia and a 

15 mixture comprising any of said gasses of said group. 

30. Arrangement according to any of the claims 17-29 » wherein 
said gas is a mixture of a noble gas and a chemically active gas. 

31* Arrangement according to claim 30 . wherein said chemically 

active gas is a precursor gas for chemical vapour deposition 
20 32* Arrangement according to any of the claims 17-31, further 

comprising AC power supply means arranged for energizing said electrodes 
with an energizing voltage at a frequency between 1 kHz and 50 MHz* 
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Abstract 



The present invention is directed to a method and 
arrangement for controlling a glow discharge plasma in a gas or gas 
mixture under atmospheric conditions, in a plasma discharge space 
comprising at least two spaced electrodes (2), wherein at least one 
plasma pulse having an absolute pulse maximum is generated by applying an 
AC plasma energizing voltage to the electrodes (2) causing a plasma 
current and a displacement current* The plasma is controlled by providing 
a relative decrease of the displacement current after the pulse maximum. 
In a preferred embodiment, the energizing voltage is applied through a 
series circuit of a choke coil <3) and a nonsaturable inductor (4). 
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